Abstract: Novel metal-free tri-s-triazine terminal-linked ionic liquids have been developed from various precursors of urea derivative-based ionic liquid/urea by co-condensation method. These were successfully used for the chemical fixation of CO 2 to epoxides producing cyclic carbonates under mild and green conditions in which no co-catalyst and solvent were needed. The tri-s-triazine terminal-linked ionic liquids so prepared possess multi-functionalities of hydrogen bond donor (HBD) ability, nucleophilicity, and Lewis base property, which are vital to the ring-opening of epoxide and the activation of CO 2 . Reaction parameters (temperature, CO 2 pressure, catalyst loading, time, water content) on cycloaddition of CO 2 with propylene oxide (PO) to propylene carbonate (PC) over tri-s-triazine terminal-linked ionic liquids were optimized. It has been shown that, under the optimal conditions, the catalyst is also  Corresponding author. Tel.: +86 451 86403715. E-mail address: sunjm@hit.edu.cn (J.M. Sun); marai@eng.hokudai.ac.jp (M. Arai).
Introduction
Concerns about climate change caused by carbon dioxide (CO 2 ) emissions through human activities as well as fossil fuel consumption have increased in recent years, and the Intergovernmental Panel on Climate Change (IPCC) predicts 1.9 o C rise in temperature by the year 2100 [1] . Therefore, reduction in CO 2 production is of great importance in viewpoint of "sustainable society" and "green chemistry" concepts. Meantime, the catalytic transformation of CO 2 , as an abundant, cheap and renewable C1 building block, into useful organic compounds has attracted much attention from the viewpoint of better utilization of carbon resources and prevention of global warming [2, 3] . However, due to its inherent thermodynamic stability and kinetic inertness, the development of efficient catalytic process for chemical fixation CO 2 still remains a challenge [4] . One of the most promising endeavors in this area is the cycloaddition of CO 2 with epoxides to yield cyclic carbonates (Scheme 1), as the cyclic carbonates have found numerous potential applications ranging from polar and aprotic solvents to chemical intermediates [5, 6] . A broad variety of catalysts for the synthesis of cyclic carbonates have been developed so far, including metal oxides [7] , metal-salen complexes [5, 8] , metal organic frameworks (MOFs) [9, 10] , ionic liquids (ILs) [11] [12] [13] and organic functionalized polymers [14] . Among these catalysts, transition metal-based materials accounted for a large proportion, but their uses were limited due to the unsafety to ecology and humanity in the long term. Besides, tailor-made ILs with various active groups were reported and showed predominant catalytic activities due to unique characteristics such as Lewis acid-base bi-functionalities, thermal and chemical stabilities, negligible vapor pressure, and selective solubility towards organic and inorganic materials [15] . High viscosity of these ILs makes them difficult for practical application and the separation of ILs from the products always needs distillation or extraction by volatile organic solvents, which also does not meet the concepts of "sustainable society" and "green chemistry". Considering the industrial applications of the CO 2 coupling reaction with epoxide, efforts have been paid to develop heterogeneous ILs, such as immobilized ILs on silica [16] , MCM-41 [17] , zeolitic imidazolate framework-90 (ZIF-90) [18] , cross-linked polymer [19] , carbon nanotube [20] and mesoporous carbon nitride [21] , which can be easily separable from the reaction mixture and reused in the subsequent cycles. The key drawbacks associated with immobilized ILs are the tedious preparation process, involvement of toxic transition metals, and the leaching problem of active sites during the reaction [22] .
Hence, it is still a hot topic for development of simple, eco-friendly, metal-free, reusable heterogeneous catalysts that are capable of promoting the CO 2 fixation with high yield and selectivity under mild conditions. Recently, Lee et al. reported an approach to obtain cation cross-linked ionic liquids using task-specific ionic liquid (TSIL) monomers with easily cross-linked nitrile groups (Scheme 2a) through ionothermal cyclotrimerization reactions at a lower temperature of 400 o C without any catalyst, the cations were co-condensed, simultaneously, a significant fraction of anions were remained [23] . The key structural and chemicals of analytical purity were commercially available and used as received.
Preparation of tri-s-triazine terminal-linked ionic liquids
The UDIL precursors were prepared as follows. 
Catalyst characterization
FT-IR spectra were measured on PerkinElmer Spectrum 100 FT-IR Spectrometer -7-using KBr pellets. The morphology of samples was examined by scanning electron microscopy (SEM) using a Hitachi S-4300. X-ray photoelectron spectroscopy (XPS)
measurements were recorded on a Thermo Fisher Scientific Escalab 250Xi. X-ray diffraction (XRD) measurements were carried out using a Bruker D8 Advance X-ray powder diffractometer with Cu Kα radiation (40 kV, 40 mA) for phase identification.
Solid state 13 C MAS NMR measurements were performed on a Varian Infinity Plus 400 NMR spectrometer.
Catalytic activity test
The cycloaddition of CO 2 with epoxide was performed in a 50 mL high pressure stainless-steel reactor. In a typical run, the air in the reactor was replaced with CO 2 , 0.1 g of UDIL-I-60%U (500) catalyst and 2.0 g (34.5 mmol) of propylene oxide (PO)
were added into the reactor, and it was heated using an oil bath to preset temperature.
At the desired reaction temperature, CO 2 was introduced into the reactor to a certain pressure and the reaction was run while stirring. After the completion of the reaction, the reactor was cooled in an ice-water bath and excess CO 2 was released slowly. The liquid product was separated from UDIL-I-60%U (500) catalyst by centrifugation, diluted with ethyl acetate, and then analyzed on GC (Agilent GC-7890A, Agilent 19091J-413 capillary column and FID detector). As PO is highly volatile, quantitative analysis of the product is inaccurate by internal standard method. Hence, the GC quantitative analysis of the product is performed by external standard method. The catalyst was washed with ethyl acetate (5 mL) three times, dried under vacuum, and then reused directly for the next run. The same cycloaddition procedures apply for other catalysts.
Results and discussion

Catalyst characterization
The FT-IR spectra of various samples prepared with different precursors were depicted in Fig. 1 . All the samples contained heteroaromatic functional groups, as stretching absorption of N-H groups in the aromatic ring was seen in the region of -8-3550-3300 cm -1 [24] . The band at 3189 cm -1 was owing to the free -NH 2 stretching vibration attached to the sp 2 hybridized carbon in the aromatic ring [25] . Its relative intensity gradually weakened with increasing calcination temperature. At 700 o C, the band at 3189 cm -1 was almost invisible. When 60 wt% urea was added to the precursors, the -NH 2 absorption peak shifted to 3169 cm -1 . The bands that appeared at 1617-1650 cm -1 were assigned to C=C and C=N in aromatic skeletal stretching vibrations [26] . The peak at 1603 cm -1 was assigned to N-H bending vibration [27] .
The band centered at ca. 1312 cm -1 was attributed to aromatic C-N stretching vibration and the peak at adjacent 995 cm -1 was for the -C=CH groups [28] . These FT-IR results demonstrated the existence of the typical functional groups in the samples obtained. The morphology of UDIL-I-60%U (500) sample was examined by SEM and it was observed to have block-like structure (later in Fig. 5C ). The features of this structure in the target reaction will be discussed later. To further investigate the structure of the samples prepared, the solid state 13 C MAS NMR analysis was conducted (Fig. 2) . For the samples obtained by calcining UDIL-I precursor at different temperatures, there appeared characteristic signals at 124-132 ppm and 15-22 ppm, respectively, corresponding to the carbon atoms of the -9-imidazolium ring and alkyl groups of the side chains [29, 30] , due to the carbonization of partial alkyl side chains. With an increase in calcination temperature, the peak of the imidazolium ring became sharper and the alkyl group peak became weaker, indicating that the carbonization occurred to more extent in the side chains ( Fig. 2A) .
When 60% urea was added in the precursors, two additional peaks located at 157.4
and 164.2 ppm were observed for UDIL-I-60% (500), which could be ascribed to the C(i)N 3 and C(e)N 3 groups in tri-s-triazine unit (Fig. 2B ) [31, 32] . Also the peaks became stronger with increasing urea content, while the characteristic signals of the imidazolium ring and the side chain groups became weaker. All these results suggested that the additional urea co-condensed with the urea derivative groups in the side chain of UDIL-I, forming the tri-s-triazine terminal-linked ionic liquids under the calcination conditions. The XRD patterns of the samples obtained are shown in Fig. 3 . The UDIL-I (500) had a low intensity (002) diffraction peak centered at 25.8 o , characteristic of graphitic C structure due to the partial carbonization of alkyl side chains in UDIL-I [33] . On the addition of 60 wt% urea into UDIL precursor, the resultant UDIL-I-60%U (500)
showed multiple new diffraction peaks of melam, melem or melon constituents formed by s-triazine units [32, 34] , which were demonstrated to activate CO 2 favorably [35] . With increasing urea content to 200 wt%, a fresh diffraction peak For the former sample, the C 1s peak could be fitted with two peaks at binding energies of 283.9 and 285.8 eV (Fig. 4A) , the peak at 283.9 eV was assigned to C=C/C-C groups [36] and the peak at 285.8 eV was identified as sp 3 C bonded with N or O (C-N or C-O) [37] . The N 1s spectrum could be separated into two peaks at binding energies of 399.9 and 401.5 eV (Fig. 4B ), attributed to O-C-N and C-N-H groups, respectively [38] . After the introduction of urea into the UDIL-I precursor, the UDIL-I-60%U (500) sample showed quite different surface chemical states from UDIL-I (500), and C, N, I and O species were detected in survey spectra (Fig. 4F ).
The C 1s spectrum of UDIL-I-60%U (500) was deconvoluted into three peaks at 284.5, 286.4, and 288.2 eV (Fig. 4C) . The peak at 284.5 eV was assigned to the graphitic carbon (C-C bond), the peak of 286.4 eV was assigned to C-O-C or C-N (amine) [39] , and the peak at 288.2 eV indicated the existence of C-N-C coordination between tri-s-triazine units [40] . The N 1s spectrum could be divided into three peaks centered at 398.3, 399.3 and 400.0 eV (Fig. 4D) . The peak at 398.3 eV corresponded to the C-N-C group and those at 399.3 and 400.0 eV were attributed to the binding -11-energies of nitrogen atoms for C-NH 2 and -NH-groups, respectively [38, 39] . These N assignments were quite consistent with the results obtained for the C 1s spectrum.
Thus, nitrogen atoms were successfully integrated to tri-s-triazine units in the form of N bonding to C atoms. Additionally, the peaks located at 617.8 and 629.3 eV corresponded to I 3d 5/2 and I 3d 3/2 ( Fig. 4E) , which confirmed the presence of elemental iodine in UDIL-I-60%U (500) sample. All these XPS results were essentially consistent with the FT-IR analysis.
The relative amounts of elements in the different samples were estimated from the XPS results obtained. As shown in Table 1 , the total amounts of N and I species in UDIL-I decreased with increasing precursor calcination temperature from 500 to 700 o C, while that of C species increased, also indicating that more alkyl side chains were carbonized. When UDIL-I (500) and UDIL-I-U (500) are compared, the amount of N species is larger for the latter and increases with increasing urea content in the precursor, while that of I species is smaller for the latter due to the formation of tri-s-triazine units by co-condensation (Scheme 3). The results were consistent with the 13 C NMR analysis ones. As discussed later, the presence of Lewis base and nucleophilic I -in the UDIL-I-φU catalyst is significant for the CO 2 fixation to epoxide. 
Fig. 4. XPS spectra of UDIL-I (500) (A, B) and UDIL-I-60% (500) (C, D, E, F).
Catalyst screening
Initially, the cycloaddition of propylene oxide with CO 2 to produce propylene carbonate was selected to test the catalytic activity of different catalysts derived from various UDIL precursors and the results obtained were summarized in Table 2 Table 1 .
Hence, further investigation has been made with the most active catalyst of UDIL-I-60%U (500). Besides the excellent catalyst activity, the sustainability and recycling are also decisive criteria for the possible large-scale application. After each run, the solid UDIL-I-60%U (500) catalyst was separated from reaction system by centrifugation, washed, dried, and then reused in the next batch under the same reaction conditions (120 °C, 1.5 MPa, 5 wt% catalyst, 3.0 h). The catalyst presented an excellent recyclability up to five cycles with only a slight loss of its original catalytic activity and the satisfied selectivity to PC did not change (Fig. 5A) . The recovered UDIL-I-60%U (500) catalyst was analyzed by FT-IR and SEM (Fig. 5B-D) . The structure of UDIL-I-60%U (500) was essentially similar to its pristine form, but the C=C and C=N stretching vibrations (1617-1650 cm -1 ) in aromatic skeleton became weakened. This could be due to some damage of the skeletal structure by the recycled runs under vigorous stirring. SEM pictures (Fig. 5C-D) showed that the block-like structure became fractured. Such a structural change should not be significant and so the catalyst could indicate the good recyclability.
-16- spent UDIL-I-60%U (500) catalyst.
Effects of reaction parameters
With the most active tri-s-triazine terminal-linked ionic liquid of UDIL-I-60%U
(500) catalyst, the effects of different reaction parameters such as temperature, CO 2 pressure, and catalyst concentration on PC synthesis were investigated. As shown in With further increase of CO 2 pressure from 1.0 MPa to 1.5 MPa, the PC yield was moderately increased from 88% and 94%. This trend was caused by the variation in CO 2 concentration. When CO 2 pressure was raised, CO 2 molecules were dissolved into the substrate PO phase, and the increased CO 2 concentration as reactant was a positive factor at low CO 2 pressure. Further increase of CO 2 pressure, a dilution effect occurred and CO 2 pressure no longer markedly promoted the reaction. Hence, a mild CO 2 pressure of 1.5 MPa was sufficient for the satisfactory synthesis of PC.
Fig . 6C shows the effect of catalyst concentration on the PC yield and selectivity.
The catalyst concentration had significant impact on the reaction, and PC yield was remarkably enhanced from 25% to 94% with the catalyst concentration increasing from 0.5 wt% to 5 wt%. While, no obvious change in the PC yield was observed with further increase of catalyst loading. The dependence of reaction time was also examined (Fig. 6D ). The cycloaddition of CO 2 and PO gradually proceeded with reaction time, and 94% PC yield was obtained in the first 2.5 h. With prolonging reaction time to 3 h, PO was almost quantitatively converted with the satisfied selectivity to PC.
-18- Considering that water is inevitable in real post-combustion flue gases, the influence of coexisting water has additionally been examined under the same conditions. The UDIL-I-60%U (500) was not suitable for this purpose because it showed almost completely PO conversion ( Table 2, entry 14) . Hence, UDIL-I-20%U
(500) with a moderate catalytic activity ( Table 2, should be insignificant and so it has no effect on the reaction in the present reaction system as observed (Fig. 7) . When further increase H 2 O/catalyst mass ratio to a larger scale, such as 50%-100%, the PC yield was enhanced duo to a certain increase in the 
Catalytic activity towards CO 2 cycloaddition to various epoxides
To determine the adaptability of UDIL-I-60%U (500) catalyst, the substrate scope of coupling reaction involving a series of substituted epoxides was examined ( Table   3 ). The coupling reaction of terminal epoxides attached with either electron-withdrawing or electron-donating groups could smoothly proceed to yield the corresponding cyclic carbonates with satisfactory yields and selectivities (entries 1-4).
While the internal epoxide of cyclohexene oxide with crowded cyclohexene ring exhibited relatively low conversion even under the harsh reaction conditions of 130 o C, 3.0 MPa CO 2 , and 9.0 h although the selectivity to the desired product was also good (entry 5). The results revealed that the steric hindrance played a major role in catalytic activity than the electronic effect. b Y: product yield; S: product selectivity; all based on GC analyses.
c P = 3.0 MPa.
Plausible reaction mechanism
The presence of N-H, NH 2 
Conclusions
A series of novel tri-s-triazine terminal-linked ionic liquids were prepared via co-condensation of UDIL and additional urea precursors. The catalyst preparation and reaction conditions were optimized and UDIL-I-60%U (500) was observed to show an excellent performance in the cycloaddition of CO 2 to various epoxies yielding the corresponding cyclic carbonates under mild solvent-free conditions. For propylene oxide, for example, a high propylene carbonate yield of 98% was achieved at 120 º C -23-and at 1.5 MPa CO 2 in 3 h. In addition, the catalyst was recyclable for five repeated runs and tolerant to the presence of water. The excellent catalytic activity of UDIL-I-60%U (500) was attributed to the multi-functionalities involving the hydrogen bond donor, Lewis basicity, and nucleophilicity, which were vital to the activation of epoxide and CO 2 together with the ring-opening of epoxide. Compared with the reported TSILs, the present heterogeneous catalyst overcomes the difficulty of separation due to their high viscosity and will be promising for the design of environment-friendly and effective processes for the chemical transformation of CO 2 including the addition to epoxides and other reactions.
